Improving haematopoietic cell transplantation outcomes by selection of an HLA-matched unrelated donor is best practice; however, donor selection by secondary characteristics is controversial. We studied 1271 recipients with haematological malignancies who underwent T-cell-depleted allografts and had complete data on HLA-matching status for six loci (HLA-A, -B, -C, -DRB1, -DQB1, -DPB1) and clinical outcome data. Five-year overall survival was 40.6%. HLA mismatching (at HLA-A, -B, -C, -DRB1, -DQB1) relative risk (RR) 1.22, 95% confidence interval (CI) 1.2-1.5, P = 0.033 for 1 mismatch and RR 1.46, 95% CI 1.1-1.9, P = 0.009 for 41 mismatch) and CMV mismatching (RR 1.37, 95% CI 1.2-1.6, P o 0.001) were significantly associated with inferior survival. Donors aged o 30 years showed a trend towards better survival. The multivariate model for mortality, combining CMV and HLA-match status, found an RR of 1.36 (95% CI 1.1-1.7, P = 0.003) for HLA matched/CMV mismatched, an RR of 1.22 (95% CI 0.99-1.5, P = 0.062) for HLA mismatched/CMV matched and an RR of 1.81 (95% CI 1.4-2.3, P = o0.001) for HLA/ CMV mismatched, compared with the HLA/CMV-matched recipients. These data suggest that HLA and CMV matching status should be considered when selecting unrelated donors and that CMV matching may abrogate the effect of an HLA mismatch.
INTRODUCTION
Haematopoietic cell transplantation (HCT) is curative for many recipients suffering from haematological and immunological disorders. Survival using unrelated donors (UD) has improved significantly over time and is now equal to that of sibling transplants in many settings. 1 A reason for this improvement is the enormous expansion in the internationally available UD pool, with 425 million donors listed on Bone Marrow Donors Worldwide in 2015 (http://www.bmdw.org/). HLA matching for 10/10 loci is often considered the gold standard, but the importance of HLA-DQB1 matching has been questioned. 2, 3 Conversely, the additional benefit of matching for DPB1 has been increasingly studied. [4] [5] [6] In addition, studies report a differential impact of single allele mismatches on transplant outcomes. 2, 7, 8 Owing to the expansion in volunteer donor numbers, recipients now often have a choice between several equally HLA-matched donors and in this setting secondary donor characteristics such as donor age, gender, parity, CMV serostatus and ABO type should be taken into account. 3, 9 Although these factors may currently be considered by the team making the final donor selection, no widespread internationally agreed selection algorithms are available. Selection of these factors has changed significantly over time. CMV seronegative donors (D − ) were originally chosen for all recipients. More recently, a CMV seropositive donor has been preferred for a CMV-positive recipient; however, this remains controversial, despite some studies supporting it. 10, 11 Studies show that younger donors generally result in improved outcomes, but the impact of ABO mismatches and the use of female donors have produced conflicting results. 3, 9 The aim of this study was to analyse the impact of HLA and non-HLA donor factors on transplant outcomes and to identify those factors important in donor selection.
MATERIAL AND METHODS

Study population
The final study population includes 1271 UK recipients, both children and adults, transplanted for a haematological malignancy, from September 1996 to October 2011, from an UD through the Anthony Nolan Research Institute. One thousand three hundred and seventy paired samples that were collected pretransplant or predonation for recipients and donor, respectively, and stored in the sample repository were successfully typed; however, 99 recipients were not included in the final study population owing to incomplete clinical data. Both recipient and donor were required to have two field (previously four digit) allele typing results at six HLA loci (HLA-A, -B, -C, -DRB1, -DQB1, -DPB1). Clinical data were collected by the Anthony Nolan Research Institute in collaboration with the British Society for Blood and Marrow Transplantation, using standard posttransplant reporting forms. Standard definitions for primary graft failure (PGF), GVHD and non-relapse mortality (NRM) were used. Relapse was defined as clinical evidence of disease. The European Group for Blood and Marrow Transplantation (EBMT) score was calculated based on the publication by Gratwohl.
12 CMV prophylaxis was not routinely given, instead screening and preemptive treatment strategies were used. 
Statistical methods
Probability curves were calculated using the Kaplan-Meier method for survival and the cumulative incidence procedure for NRM and relapse. Time intervals were calculated relative to the date of transplantation, until the event of interest (or competing event) or until the date of last follow-up. Groups were compared using either log-rank test or Gray's test as appropriate. Factors found to be significant at the Po0.1 level were entered into either Cox regression or Fine and Gray 13 models, using a backward stepping procedure to find the best model. Incomplete time to event data for PGF and grade 2-4 acute GVHD resulted in these outcomes being described as simple proportions, with logistic regression analysis being utilised to find significant factors associated with each outcome. All analyses were performed using either SPSS version 22 software (SPSS, Inc., Chicago, IL, USA) or R.
14 All statistical tests were two sided, and Po0.05 was used to indicate statistical significance. Table 1 arranged by transplantation era. Diseases for which transplantation was performed were acute leukaemia (581, 46%), myelodysplasia (221, 17%), chronic leukaemia (174, 14%), lymphoma (198, 16%), myeloma (46, 4%) and other (51, 4%). 94% of the population received T-cell depletion (TCD) with Alemtuzumab. As expected, the use of myeloablative conditioning decreased over the eras with a corresponding increase in the use of PBSC. Recipients were significantly older in the later eras. There was a reduction in the number of HLA-mismatched donors over time. Donors were also more likely to be younger and CMV seropositive donors (D+) were more likely to be selected for CMV seropositive recipients (R+) in the later eras.
RESULTS
Recipient and donor factors are shown in
The 5-year probability of survival for the whole group was 40.6%, with NRM at 1, 3 and 5 years of 26.5, 34.3 and 37.4% respectively. The relapse risk at 1, 3 and 5 years was 29.2, 39.2 and 42.1%, respectively. Overall PGF rate was 3.8%. Acute GVHD was present in 28% of recipients (grade 2 in 18%, grade 3/4 in 10%).
Factors implicated in recipient survival and mortality
Results of the univariate analysis of recipient and donor factors are shown in Table 2 . Older recipients (P = 0.005), R+ (P = 0.013), those who had a previous autograft (P = 0.001) and intermediate or poor EBMT risk status (P o 0.001) had a worse overall survival (OS). There was a trend to a worse OS with the use of bone marrow (BM) compared with PBSC (P = 0.078).
Recipients matched for 10/10 HLA alleles had significantly better OS and reduced NRM compared with those matched at 9/10 or o9/10 (5-year OS: 43.1% vs 35.6% vs 28.4%, respectively, P = 0.001 ( Figure 1 ) and NRM at 1 year: 20.3% vs 26.0% vs 33.4%, respectively, P = 0.007). Considering individual locus mismatches compared with 10/10 matched recipients, mismatching for HLA-B (P = 0.011) and -DQB1 (P = 0.03) resulted in a significantly worse survival, while mismatching for HLA-A (P = 0.17), HLA-C (P = 0.28) or HLA-DRB1 (P = 0.75) resulted in no statistically significant difference in survival (Table 2) .
HLA-DPB1 matching was not associated with a statistically significant survival advantage (5-year OS for 12/12 was 46.5% vs 42.5% in 10/10 matches, P = 0.1). Non-permissive HLA-DPB1 T-cell epitope (TCE) matching status was associated with a trend towards worse survival and a significantly higher NRM. 5-year OS in DPB1 TCE-matched, allele-matched or TCE-mismatched pairs was 43.0, 41.5 and 36.9% respectively, P = 0.054, and NRM at 1 year was 19.3, 23.6 and 26.4%, respectively, P = 0.028 (Table 2) .
There was no impact of donor CMV on either OS or NRM as an independent variable; however, a significant effect was observed for CMV-matching status between recipient and donor. Recipients who had a CMV-matched donor had an OS of 44.1% vs 32.2% for those who were mismatched (P o 0.001). Survival in the R+/D+ setting was 40.5% compared with 30.0% in the R+/D − . We also noted a difference in the CMV-negative recipient where R − /D − had a survival of 45.3% compared with 37.9% in the R − /D+ (Table 2 ). NRM at 1 year was 19.1% vs 30.4% for the CMV-matched vs -mismatched recipients (P o 0.001) ( Table 2 ). Use of donors aged o30 years resulted in a better survival (45.3% vs 38.6%, P = 0.01) and a trend to lower NRM (19.2% vs 27.9%, P = 0.075). An ABO match or minor mismatch was preferential to a major or bidirectional mismatch (OS: P = 0.011and NRM: P = 0.040).
In multivariate analysis (Table 3) , the only recipient factor resulting in worse OS was older age. Recipients with a previous autograft and/or intermediate or poor EBMT disease risk score had a worse OS. OS and NRM were significantly worse in those who had a transplant prior to 2004 and 2000, respectively. Abbreviations: BM = bone marrow; D = donor; EBMT = European Group for Blood and Marrow Transplantation; R = recipient; SCT = stem cell transplantation. HLA matching remained significant as those who had 41 HLA mismatch with their donor had a relative risk (RR) of 1.43 (95% confidence interval (CI) 1.1-1.9, P = 0.016) for mortality and 1.59 (95% CI 1.1-2.4, P = 0.028) for NRM. Although there remained a survival detriment when comparing a single mismatch to recipients with a 10/10 matched donor (OS: RR 1.21 (95% CI 1.1-1.5), P = 0.042), there was no significant impact on NRM: RR 1.24 (95% CI 0.9-1.6), P = 0.14). Recipients who were CMV mismatched with their donor had a significant survival detriment (OS: RR 1.40, 95% CI 1.2-1.6, P o0.001; NRM: RR 1.63, 95% CI 1.3-2.1, P o0.001). Use of donors 430 showed a trend towards worse OS (RR 1.17 (95% CI 0.98-1.4, P = 0.078) but no impact on NRM. In contrast, recipient/donor gender matching did not impact on OS, while a female donor into a male recipient showed a trend to higher NRM compared with all other gender combinations (RR 1.38, 95% CI, 0.99-1.9, P = 0.063). Recipient donor ABO matching status and the DPB1 TCE were not significant for either OS or TRM.
Disease relapse Four factors were shown to be associated with an increase in disease relapse in univariate analysis, including recipients of a prior autograft (5 years: 54.2% vs 40.0%, P o0.001), earlier transplant era (P = 0.012), BM vs PBSC (45.2% vs 38.7%, P = 0.024) and the use a DPB1 TCE or allele-matched donor vs a TCE-mismatch donor (P = 0.036). CMV status of either the patient or donor, or the combinations, were not associated with relapse risk. In multivariate analysis, donor CMV status was the only donor factor associated with relapse (D+: RR 1.23 95% CI 1.1-1.5, P = 0.035), while prior autograft and era retained significance (Table 4) .
CMV status in the context of HLA matching We further examined the relationship between recipient/donor CMV and HLA matching (Figure 2a ). Outcomes differed significantly based on the four possible combinations (P ⩽ 0.001). In the Abbreviations: BM = bone marrow; CI = confidence interval; D = donor; EBMT = European Group for Blood and Marrow Transplantation; NRM = non-relapse mortality; OS = overall survival; R = recipient; SCT = stem cell transplantation; TCE = T-cell epitope; TCED = T-cell epitope disparate; TCEM = T-cell epitope match.
a P-values are between mismatched genotype and 10/10 match.
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HLA-matched setting, survival was significantly better in those who were CMV matched (n = 676) compared with CMV mismatched (n = 223) (5-year OS 45.9% vs 35.9%, P = 0.007). Likewise, in the HLA-mismatched setting, CMV-matched recipients (n = 207) again had a better survival than those who were CMV mismatched (n = 122) (5-year OS 38.6% vs 25.8%, P = 0.002). These findings were consistent when adjusted for other significant variables in a multivariate analysis (Figure 2b ). When compared with the HLA-matched, CMV-matched recipients: there was an RR 1.36 (95% CI 1.1-1.7, P = 0.003) for HLA matched and CMV mismatched, an RR 1.22 (95% CI 0.99-1.5, P = 0.062) for HLA mismatched and CMV matched and an RR 1.81 (95% CI 1.4-2.3, P o0.001) for HLA and CMV mismatched.
Impact of donor factors on other outcomes
In multivariate analysis, a mismatch of more than one HLA allele (RR 2.9, 95% CI 1.2-7.3, P = 0.02) and the use of BM (RR 2.9, 95% CI 1.2-7.3, P = 0.02) resulted in significantly higher PGF. HLA matching (OR 0.63 95% CI 0.5-0.8, P = 0.002), the use of BM (OR 0.59, 95% CI 0.4-0.8, P = 0.001) and CMV seronegative donors (OR 0.65, 95% CI 0.5-0.9, P = 0.006) were associated with a lower risk of grade 2-4 acute GVHD (Table 4) .
DISCUSSION
Our results show that donor factors remain a critical determinant of outcome in UD HCT, despite the changing trends in transplant practice over recent eras. We found both HLA matching and the recipient/donor match status for pretransplant CMV serostatus to be the most significant factors determining survival and report the novel finding that avoiding a CMV mismatch may offset the negative impact of an HLA mismatch. In addition, we confirmed the previous observations that HLA matching and donor age impact survival. Although the relationship between CMV and HLA matching in this study is a novel finding, it is consistent with observations and proposed mechanisms made in several recent studies. Historically, it is well recognised that recipient CMV seropositivity (R+) is associated with an inferior transplant outcome, 15, 16 but studies regarding the impact of donor status have produced controversial results 3,9,17 and recommendations for donor selection based on this criteria have changed over time. In recent years, there has been developing consensus around the selection of a CMV seromatched donor for an HCT recipient.
Individual study results are not consistent with regard to subgroups in which this selection may be relevant. Two recent large EBMT studies report results similar to ours. In 2003, Ljungman et al. 10 reported that a transplant from a D+ was Abbreviations: CI = confidence interval; EBMT = European Group for Blood and Marrow Transplantation; NRM = non-relapse mortality; RR = relative risk.
Donor factors in transplant outcome BE Shaw et al associated with improved OS, event-free survival and decreased TRM compared with a D − in UD SCT. They did not find any difference in GVHD in the seronegative vs seropositive groups. In that study, the positive effect of D+ was abrogated by TCD using antithymocyte globulin, but recipients receiving Alemtuzumab (as in our study) were not included. More recently, the same group 11 showed an improved survival in R+ transplanted with a D+, however, only in the recipients receiving myeloablative conditioning regimens. Although CMV reactivations (and GVHD) were not directly addressed, they found that deaths owing to viral causes were less likely in R+/D+, leading them to suggest that the presence of CMV-specific T cells was mediating a protective effect of D+ on survival. Interestingly, there was no impact of TCD noted in this study. Neither study addressed the HLA-match status.
As shown in our results, the negative effect of an HLA mismatch may be abrogated somewhat by matching for CMV. The combined immunological effects as well as potential poor graft function owing to treatment of CMV and an HLA mismatch (GVHD, immunosuppression and immune deficiency) are likely to be critical and may explain some of the discrepancies in earlier studies. This is supported by the fact that donor CMV serostatus does not appear to have major significance in HLA-identical sibling transplantation outcomes 10, 11 as well as the finding that CMV reactivations are higher in the setting of an HLA mismatch. 18 Although the overall rates of clinically significant GVHD were low, HLA mismatching was associated with a significant increase in GVHD as expected.
Some, 10, 18, 19 but not all, 20, 21 studies have shown that CMV reactivation and disease are more common in the setting of a CMV mismatch (that is, R+/D − compared with R+/D+). In the late 1980s, it was reported that cells from D+ could result in better outcomes in the TCD setting through reduction in CMV disease. 22 CMV-specific T cells transferred with the donor graft could protect against progressive or recurrent CMV reactivation 19, 21 and therefore be associated with better outcomes. This effect could be abrogated or lost by extensive TCD (ex vivo or antithymocyte globulin) or the need for ongoing and intensive immunosuppression such as in GVHD. Although, in vivo TCD with Alemtuzumab was used in 490% of the recipients in our study, it is well recognised that this does not eradicate all T cells and that a degree of CMV-specific immunity is retained in this setting. CMV-specific T cells may also be of recipient origin. Sellar et al. 23 have recently shown that, in the majority of R+/D − recipients receiving TCD (mostly sibling) reduced intensity conditioning HCT, recipient-derived T cells provide protection from recurrent CMV infection in the absence of GVHD. However, they stress the importance of avoiding GVHD in this setting to prevent CMV-associated toxicities. In our registry-based study, we unfortunately do not have data on CMV reactivations, immune reconstitution (IR) or the chimeric status of recipients after transplant. However, in line with the findings of Sellar et al., 23 the negative effect of donor serostatus (R+/D − ) in our study is seen predominantly in those recipients with a co-existing HLA mismatch and consequently an increase in clinical GVHD (data not shown).
Another possible mechanism for improved outcome may be through a direct [24] [25] [26] or indirect (through earlier IR) 27 effect of CMV on reduction of disease relapse after transplant, although this remains controversial. [28] [29] [30] Early and robust IR in general has been shown to be associated with improved transplant outcomes. 31 Not surprisingly, CMV-specific IR has an important association with a reduction in CMV reactivation and infections. 20, 32 However, donor CMV status has also been shown to influence the strength of IR 33 and Zhou et al. 19 showed that CMV-specific T-cell populations from R+/D+ contained higher levels of functional subsets than R+/D − recipients. We found that the use of CMV seronegative donors was associated with a lower relapse risk. Abbreviations: aGVHD = acute GVHD; CI = confidence interval: OR = odds ratio; PGF = primary graft failure; RR = relative risk.
HLA matching is important for survival; however, in contrast to our previous studies, 5, 34 we did not find a similar survival between a 10/10 and 9/10 matched transplant but rather findings similar to the paper by Lee et al. 2 showing an incremental survival disadvantage with additional HLA mismatches. Possible reasons for this include a reduction in Alemtuzumab doses in the recent era 35, 36 as well as the larger numbers now included in our study giving us greater power to detect a difference. We did see an impact of DQB1 matching on both OS and NRM. This differed from the study by Lee et al. 2 ; however, it is consistent with the report from the German group, 9,37 which found a higher mortality associated with DQB1 mismatching, in particular if these mismatches were at an antigenic level. As in many studies, the type of mismatch may thus be of significance and may differ in the European vs American populations. Based on these differences, we would recommend that matching status continue to be considered for DQB1 as the impact of mismatches remains somewhat controversial. Matching should also be prioritised for HLA-B. A caution is that the number of mismatches in this study was small. Although survival was improved when either allele level or epitope matching for DPB1 was performed as has been previously shown, 4, 6 this was not a significant factor in multivariate analysis. Previously, the impact has been seen most commonly in transplant pairs matched for the other HLA alleles, with less of an impact of DPB1 mismatching in ⩽ 9/10 matched transplants and we did not perform subset analysis.
Donor age was significantly associated with transplant outcomes, although the effect in multivariate analysis was borderline. These findings are consistent with several other studies 9, 37 and suggest that this factor should be taken into account in donor selection. Although donor gender and ABO matching status both had some impact on transplant outcomes in univariate analysis, these effects were not seen in multivariate analysis. Several other studies have shown conflicting results related to these factors and it is possible that the impact may differ based on the characteristics of the population studied. In addition, small statistical effects may be more difficult to appreciate in smaller data sets.
In conclusion, our results add to the recent consensus that survival is improved by selecting a CMV-matched donor for an UD HCT recipient. We significantly extend these findings by including the influence of HLA matching on this variable and suggest that these factors are closely inter-related.
Based on these results, and those from recent studies, several donor selection strategies could be proposed. A 10/10 HLA-matched donor remains the best and selection of a CMV-matched donor is preferable. This is particularly relevant in the setting of a R+ in the HLA-mismatch setting. If no D+ is available in this setting, an alternative stem cell source, such as umbilical cord blood that has been shown to be associated with less GVHD, should be considered. Where a R+/D − combination cannot be avoided, active strategies to avoid GVHD should be undertaken. Finally, our results suggest that donor characteristics should not be considered in isolation but as a 'package' and individualised based on recipient characteristics. 
